In situ formation of C-glycosides during electrospray ionization tandem mass spectrometry of a series of synthetic amphiphilic cholesteryl polyethoxy neoglycolipids containing N-acetyl-D-glucosamine  by Banoub, Joseph et al.
SHORT COMMUNICATION
In Situ Formation of C-Glycosides
During Electrospray Ionization Tandem
Mass Spectrometry of a Series
of Synthetic Amphiphilic Cholesteryl
Polyethoxy Neoglycolipids
Containing N-Acetyl-D-Glucosamine
Joseph Banoub*
Special Projects, Science Branch, Department of Fisheries and Oceans, St. John’s, Newfoundland, Canada
Paul Boullanger and Dominique Lafont
Laboratoire de Chimie Organique 2, Université Claude Bernard, Villeurbanne, France
Alejandro Cohen, Anas El Aneed, and Elizabeth Rowlands
Biochemistry Department, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada
In this communication, the structural analysis of six synthetic O-Linked amphiphilic cholesteryl
polyethoxy neoglycolipids containing N-acetyl-D-glucosamine was performed by electrospray
ionization mass spectrometry in the positive ion mode, with a QqTOF-MS/MS hybrid instrument.
The MS/MS analyses provided evidence for the “in situ” formation, in the collision cell of the
tandem mass spectrometer, of an unexpected and unique [C-glycoside] product ion, resulting
from an ion-molecule reaction between the N-acetyl-D-glucosamine oxonium ion and the neutral
cholesta-3,5-diene molecule. Quasi MS3 analysis of this ion resulted in the dissociation of the
precursor [C-glycoside] ion, which produced the expected third generation N-acetyl-D-glu-
cosamine oxonium and the protonated cholesta-3,5-diene product ions. (J Am Soc Mass Spec-
trom 2005, 16, 565–570) © 2005 American Society for Mass SpectrometryThe structural diversity of complex carbohydratesof cell surface membranes has been much moreappreciated over the last two decades, due to the
vast improvement in analytical techniques.
We have synthesized a series of amphiphilic neoglyco-
lipid cholesteryl derivatives (see Scheme 1), in which the
cholesterol and carbohydrate (N-acetyl-D-glucosamine)
moieties were attached by means of a polyethoxy variable
spacer [1, 2]. Synthetic neoglycolipids have been success-
fully incorporated into liposomal formulations to prolong
their half lives as alternative to pegylated liposomes
(PEG-liposomes) [3, 4]. More recently, novel series of
neoglycolipids bearing various sugar monomers or oli-
gomers have been evaluated as stabilizing agents for
cationic liposomes [5] which are one of the most important
nonviral gene carriers used in cancer gene therapy [6]. In
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rior to PEG-stabilized liposomes in terms of gene transfer
efficiency [5].
In the present communication, we report the “in situ”
formation, both in the collision cell and the ESI interface of
the tandem mass spectrometer, of an unexpected and
unique [C-glycoside] product ion, resulting from an
ion-molecule reaction between the N-acetyl-D-glu-
cosamine oxonium ion and the neutral cholesta-3,5-diene
molecule. We also propose the fragmentation routes of
these synthetic amphiphilic cholesteryl polyethoxy neo-
glycolipids by electrospray ionization mass spectrometry
with a QqTOF-MS hybrid instrument. The low-energy
collision induced dissociation (CID) tandemmass spectro-
metric analyses are also described.
Experimental
Materials
The synthesis of the neoglycolipid derivatives was
performed as reported [8, 9]. The molecular structures
of these derivatives are shown in Scheme 1.
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Mass spectra of the neoglycolipid derivatives were
acquired in the positive ion mode. All experiments were
performed with an Applied Biosystems, API QSTAR XL
MS/MS (California, USA) quadrupole orthogonal time-
of-flight (QqToF-MS/MS) hybrid tandem mass spec-
trometer. Samples were dissolved in methanol for ESI
with a catalytic amount of formic acid (2 L of 1N
formic acid) to achieve a concentration of 1 mol/L.
Aliquots (3 L) were infused into the mass spectrome-
ter with an integrated Harvard syringe pump (Quebec,
Canada) at a rate of 10 L/min using the Turbo
Ionspray source, operated at 5.5 kV at a temperature of
80 to 100 °C. Formic acid was added to increase the
formation of the [M  H] protonated molecules.
Results and Discussion
ESI-QqTOF Mass Spectrometry of the Synthetic
Neoglycolipids
The neoglycolipds GlcNAc-Chol-1, GlcNAc-Chol-2,
GlcNH2-Chol-2=, GlcNAc-Chol-3, GlcNHCOCD3-Chol-
3=, and GlcNAc-Chol-4 (Scheme 1) were analyzed by
electrospray mass spectrometry in the positive ion
mode. The ESI-QqTOF-MS were measured with differ-
ent declustering potentials (DP values 80 to 150 V) and
showed, in all cases, abundant protonated molecules and
the corresponding sodiated adducts, which were consis-
tent with the expected molecular formulas (Figure 1a
shows only the ESI-MS of GlcNAc-Chol-3). The electros-
pray mass spectra of this series of synthetic neoglyco-
lipids were recorded using a DP of 130 V and the
characteristic ions, with their calculated and observed
masses and relative intensities (RA%), are presented in
Table 1 (only neoglycolipids 2, 2=, 3 and 3= are shown).
Scheme 1. Synthetic amphiphilicThe ESI-MS of this series of amphiphilic glycolipidsshowed the different expected values for the [M  H]
and [M  Na] of the protonated and sodiated mole-
cules. We noticed the formation of the series of oxonium
ions at m/z 204.0871 for [GlcNAc], m/z 162.0766 for
[GlcNH2]
, and m/z 207.1054 for [GlcNHCOCD3]

which, according to our previous experience, are very
stable in solution [7–9]. In addition, we noted the
[cholestene] ion at m/z 369.3522, formed by heterolytic
cleavage of the O-spacer arm-cholesteryl moiety. The
series of remaining fragment ions and elimination prod-
ucts formed in the ESI interface are identified in Table 1.
It should be noted that the m/z value of the [(GlcNAc-
spacer-OH)  H] fragment ion, as expected, will
vary depending on the length of the polyethoxy
spacer chain.
We noted an unexpected singly charged ion at m/z
572.4314, which could not be rationally explained by the
expected ESI-MS fragmentation of these amphiphilic
molecules. Interestingly, the structural identity of this
ion was compatible with that of a C-glycoside species,
the formation of which was highly unlikely under the
experimental conditions. This [C-glycoside] ion at m/z
572.4314 was present in all of the ESI-MS of GlcNAc-
Chol-1 to GlcNAc-Chol-4. Similarly, we also noticed the
formation of the [C-glycoside] ions atm/z 530.4209 and
575.4497, for GlcNH2-Chol-2= and GlcNHCOCD3-Chol-
3=, respectively. The intensities of these ions increased
as the DP was increased to a value of 150 V, indicat-
ing that they were formed in the interface between
the ionization source and the analyzer. It is notewor-
thy to mention that the intensity of these [C-glyco-
side] ions did not increase when more acid was
added prior to ESI analyses. This C-glycoside forma-
tion was not observed during analysis by negative
ion ESI-MS. The mechanism of formation of the
[C-glycoside] ion at m/z 572.4314 is illustrated in the
glycolipid cholesteryl derivatives.following sections.
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Protonated Molecules of the Amphiphilic
Neoglycolipids
Low-energy MS/MS analyses were conducted to ratio-
nalize the pathways leading to the various fragmenta-
tions observed in the conventional electrospray mass
spectra. Precursor protonated molecules [M  H]
obtained from this series of the neoglycolipids were
selected for the recording of the CID-MS/MS using a
CE  15 eV and DP  130 V. The CID-MS/MS of the
protonated molecule at m/z 634.4682 (calculated for
C37H64NO7  634.4683) obtained from GlcNAc-Chol-1
suggested the formation of the cholesteryl cation, which
carries the positive charge on C-3= assigned as the
[cholestene] product ion atm/z 369.3586 (calculated for
C27H45 369.3522). The [(GlcNAc-spacer-OH)  H]
 at
Figure 1. ESI-MS of GlcNAc-Chol-3 (a), low-en
protonated GlcNAc-Chol-3 (b), and second gene
572 (c).m/z 266.1280 and the [GlcNAc]at m/z 204.0894 werealso noted. It is apparent that these three product ions
result from cleavages of intact covalent bonds of the
precursor protonated neoglycolipid molecules. In addi-
tion, the presence of the product ions obtained from
losses of one and two molecules of water from the
[GlcNAc] ion at m/z 204.0894 was also observed re-
spectively at m/z 186.0782 and 168.0688. The product
ions [GlcNAc-2H2O-CO]
 and [GlcNAc-2H2O-CH2CO]
,
respectively, atm/z 138.0574 and 126.0567 were also noted.
Once more, we witnessed the formation of the [C-
glycoside] product ion at m/z 572.4382.
The product ion scans of the precursor protonated
molecules [MH] at m/z 678.4952, 636.4846, 722.5209,
and 725.5390 selected from (GlcNAc-Chol-2), (GlcNH2-
Chol-2=), (GlcNAc-Chol-3), and (GlcNHCOCD3-Chol-
3=), respectively, were also obtained (Figure 1b, shows
ID-MS/MS spectra of the precursors [MH]
product ion scans of the [C-glycosides] at m/z
ergy C
rationonly the MS/MS of GlcNAc-Chol-3). Again, we noticed
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572.4412 and 572.4369 in the MS/MS analyses of the
protonated molecules (GlcNAc-Chol-2) and (GlcNAc-
Chol-3), respectively. In addition, we noticed the iden-
tical formation of the [C-glycoside] productions at m/z
530.4265 and 575.4494 in the cases of (GlcNH2-Chol-2=)
and (GlcNHCOCD3-Chol-3=).
We propose that the mechanism of formation of the
[C-glycoside] product ion which occurs in the collision
cell of the tandem mass spectrometer arises from the
nucleophilic attack of the neutral fragment cholesta-3,5-
diene molecule on the activated intermediate product
[GlcNAc] oxonium ion. We postulated that the latter
were formed in the collision cell by fragmentation of the
precursor protonated molecule. Thus, the formation of
this C-glycoside occurs from the net result of breakage
of two original covalent bonds separated by the poly-
ethoxy chain spacer in the precursor protonated neo-
glycolipid. This [C-glycoside] reforms by a product
ion-molecule reaction to produce a new C-1OC-3=
covalent bond. Obviously, the formation of a C-glyco-
side formed by a C-1OC-5= covalent bond is not to be
excluded by the same sort of mechanism, although it is
improbable due to its more sterically hindered structure
(see Scheme 2). Unfortunately, we do not have any
Table 1. List of characteristic calculated and observed peaks ob
of the synthetic neoglycolipids
Characteristic ions
GlcNAcOChol-2 GlcN
Calc. Obs. % Calc
[M  Na] 700.476 700.473
100
C39H67NaNO8
[M  H] 678.495 678.495 636.4
40
C39H68NO8 C
[C-glycoside] 572.431 572.438 530.4
2
C35H58NO5 C
[Cholestene] 369.352 369.353 369.3
38
C27H45
[(GlcNHROSpacerOOH)H] 310.150 310.154 268.1
3
C12H24NO8 C
[GlcNHR] 204.087 204.087 162.0
42
C8H14NO5 C
[GlcNHR-H2O]
 186.077 186.078 144.0
12
C8H12NO4 C
[GlcNHR-2H2O]
 168.066 168.066 126.0
8
C8H10NO3
[GlcNHR-2H2O-CO]
 138.056 138.056
29
C7H8NO2
[GlcNHR-2H2O-CH2CO]
 126.056 126.055
19
C6H8NO2chemical means to distinguish between these two pos-sible diastereomers, as the formed C-glycoside exists
only briefly and cannot be isolated.
McLafferty’s group has suggested that poly(ethylene/
propylene glycol) under collisionally activated dissocia-
tion using electron-capture dissociation (ECD) FT-
MS/MS or other energetic methods, lead to misleading
rearrangements [10]. They have also indicated func-
tional group migration induced by formation of alkyl-
radical loss ions, in the mass spectra of fatty acids, using
low-energy collision electron-impact MS/MS studies
[11]. Longevialle and Lefèvre noted that the loss of
alkanes from ionized aliphatic alcohols, ketones, ethers
and amines, during high-energy collision EI-MS/MS,
happens by a 1,2-elimination involving a COC bond
cleavage and the specific rearrangement of a hydrogen
atom to the incipient radical ion [12]. Brüll and collab-
orators have observed losses of the internal residue of
1 3 6 substituted monosaccharide during the MS/MS
analysis of underivatized and per-O-methylated trisac-
charides, with either high- or low-energy CID using
FAB ionization [13].
This phenomenon of “internal residue loss”, which
was characterized as an “internal rearrangement” pro-
cess catalyzed by a proton, was not observed in the
CID-MS/MS analysis of sodium-cationized oligosac-
d (Relative Abundance: RA%) during the ESI-QqTOF analysis
Chol-2= GlcNAcOChol-3 GlcNHCOCD3OChol-3=
Obs. % Calc. Obs. % Calc. Obs. %
744.503 744.504 747.521 747.518
92 100
C41H70NaNO9 C41H67D3NaNO9
636.485 722.521 722.521 725.539 725.539
100 36 46
6NO7 C41H71NO9 C41H68D3NO9
530.427 572.431 772.432 575.450 575.453
0.5 4 4
5NO4 C35H58NO5 C35H55D3NO5
369.355 369.352 369.353 369.352 369.353
31 50 46
45 C27H45 C27H45
268.143 354.176 354.176 357.195 357.198
1 5 1.5
2NO7 C14H28NO9 C14H25D3NO9
162.076 204.087 204.076 207.105 207.104
3.5 100 50
NO4 C8H14NO5 C8H11D3NO5
144.067 186.077 186.076 189.095 189.095
2 35 18
NO3 C8H12NO4 C8H9D3NO4
126.054 168.066 168.064 171.084 171.084
1 24 11
NO2 C8H10NO3 C8H7D3NO3
138.056 138.055 141.074 141.074
70.5 33
C7H8NO2 C7H5D3NO2
126.056 126.054 129.074 129.073
44 19
C6H8NO2 C6H5D3NO2serve
H2O
.
—
84
37H6
21
33H5
52
C27H
40
10H2
77
6H12
66
6H10
56
C6H8
—
—charides containing N-acetyl-D-glucosamine [14]. By
ristic
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Longevialle and Lefèvre, and Brüll et al. [10 –14], our
work, presented in this rationale, includes amphiphilic
molecules containing sugar and cholesteryl moieties
separated by a spacer, which are indeed quite different
from the products used in their respective rearrange-
ments. Also, we have employed low energy collision
MS/MS using electrospray ionization, which is quite
different from the studies reported above. McLafferty
and coworkers established, using 2H and 13C labeling,
that the alkyl-radical loss ions of the fatty acid occurred
through the Longevialle mechanism which takes place
under a 6-membered ring intermediate.
We propose that the formation of the C-glycoside is
not related to intramolecular rearrangement of any
specific conformation in the gas phase. Thus, it is worth
mentioning that during the CID-MS/MS of the proton-
ated neoglycolipid molecules, the glucosaminyl and the
cholesteryl moieties, are both O-linked, and are sepa-
rated by a variable length polyethoxy spacer arm, and
any activated intermediate would necessarily include a
very sterically hindered conformation involving at least
Scheme 2. Proposed pathway for the format
successive dissociations to produce the charactea 12-membered ring for the GlcNAc-Chol-3.Second Generation Product Ion Scan
of the [C-Glycoside] Ion
To enhance the reaction formation of the [C-glycoside]
ion, CID in the atmospheric pressure/vacuum interface
was effected with a higher declustering potential of 150
V [15]. Therefore, quasi MS3 or second-generation prod-
uct ion scan was achieved on the reaction intermediate
[C-glycoside] ion at m/z 572.4321 extracted from Glc-
NAc-Chol-3, and afforded the protonated cholesta-3,5-
diene molecule product ions [cholestadiene  H] at
m/z 369.3533 and the [GlcNAc] oxonium ion at m/z
204.0876 (see Figure 1c). It is reasonable to hypothesize
that, in the collision cell of the tandem mass spectrom-
eter, we have two concerted cleavages which occur
simultaneously from the precursor [C-glycoside] ion.
The first mechanism involves the elimination of the
axial H-2 hydrogen of the sugar moiety, with consecu-
tive rupture and migration of the anomeric C-1OC-3=
bond. This is followed by formation of the C-3=OC-4=
double bond and migration of the endocyclic
C-4=OC-5= double bond, to afford the protonated cho-
f the [C-glycoside] in the CID-MS/MS and
product ions found in the quasi MS3 spectra.ion olesta-3,5-diene molecule assigned as [Cholestadiene 
570 BANOUB ET AL. J Am Soc Mass Spectrom 2005, 16, 565–570H] m/z 369.3533 and the neutral N-acetyl-2-deoxy-D-
glucal. The second mechanism suggests the participa-
tion of the lone pair of electrons on the sugar ring
oxygen to afford the stable 1,2-oxonium ion [GlcNAc]
at m/z 204.0876 (which is in equilibrium with the
1,2-cyclic oxonium ion), with identical rupture of the
anomeric C-1OC-3= bond and migration of the double
bonds, to produce the neutral choles-3,5-diene mole-
cule. Please note that a similar mechanism can be
applied to the C-1OC-5= C-glycoside diastereomer, and
that the dissociation of the [C-glycoside] ion is not
catalyzed by a proton. The quasi MS3 of the ion at m/z
575.4532 is shown in Figure 1C. It is interesting to note
that quasi MS3 of all the [C-glycoside] ions obtained
from the series GlcNAc-Chol-1 and GlcNAc-Chol-4
gave identical results. Please note that separate quasi
MS3 analyses with increasing CE values showed further
fragmentation of the [C-glycoside] ions. The proposed
fragmentation routes of the tandem mass spectrum of
the [C-glycoside] ion at m/z 572.4321 are presented in
Scheme 2.
We have prepared a new series of compounds inwhich
the cholesterol and other lipophilic and carbohydrate
(N-acetyl-D-glucosamine and N-acetyl-D-lactosamine)
moieties are separated by nonlabeled and deuterated
analogs of the oligoethylene glycol spacer. The synthe-
ses and the ESI-MS and ESI-MS/MS of this series of
novel neoglycolipids will be reported in a full paper
when completed.
Conclusions
The aim of this communication was to define the ESI-MS
fragmentation routes of this novel series of synthetic
neoglycolipids of SG molecules by electrospray ionization
mass spectrometry. Low-energy CID-MS/MS analysis
provided distinct characteristic fingerprint ions, which
confirmed the conventional fragmentations. In addition,
we elucidated, during the CID-MS/MS, the proper iden-
tity of the [C-glycoside] ion.
To our knowledge, there has not been any docu-
mented research work published concerning the “in
situ” C-glycosidation product formed from the ESI-MS
analysis of an O-linked amphiphilic neoglycolipid reac-
tion occurring in the gas phase during electrospray
ionization, or any other ionization methods. Such a
complicated and unusual C-glycosidation occurring
during ESI-MS and MS/MS should be quite interesting
to synthetic carbohydrate chemists considering that, of
all synthetic (or natural) glycosylations, the occurrence
of a C-glycosylation is, by far, more difficult than that of
normal O- or N-glycosylation reaction [7–9, 16]. This
type of C-glycoside formation augurs well for the use of
the electrospray ionization source and the collision cell
of the tandem mass spectrometer as a potential chemi-
cal reactor which, hopefully, will be exploited in bio-
logical organic mass spectrometry.Acknowledgments
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